In recent years evolutionary computing algorithms have been proposed to solve many engineering problems. Genetic algorithms, Neural Networks, and Cellular Automata are the branches of evolutionary computing techniques. In this study, it is proposed to simulate the contaminant transport in porous media using a Cellular Automaton. The physical processes and chemical reactions occurring in the ground water system are intricately connected at various scales of space, time, transport coefficients and molecular concentration. The validity of continuous approach for the simulation of chemical systems with low concentration of species and intracellular environments has become subtle. Due to the difference in scales of various processes that occur in the ground water system, the description of the system can be well defined in the intermediate scale called mesoscopic scale, which is in between microscopic and macroscopic description. Mesoscopic models provide the relationship between various parameters and their evolvement in time, thus establishing the contact between modeling at various scales at the interface. In this paper, a Probabilistic Cellular Automaton (PCA) model has been developed based on the transport and reaction probability values. The developed model was verified and validated for one, two dimensional transport systems and also for the simulation of BTEX transport in two dimensional system in ground water.
INTRODUCTION
Reactive transport models couple mass transfer processes (biotic and abiotic activities) with the transport processes (advection and dispersion). Modeling the reactive transport problems is becoming one of the most preferred tools in groundwater studies. Most of the existing models manifest only the macroscopic behavior of the interactions between various components in the porous media. The details about microscopic dynamics are significantly inconsiderable. The nature of the system which is depicted in terms of different coefficients enter the complex equations through various relations (Boon & Kapral 1996) . Now when the above equations are recast, then the whole system is represented by some universal parameters which fail to exemplify the underlying microscopic nature of the system. Also in the reactive transport modeling, only the statistical average is considered. They do not accurately account for the molecular fluctuations. Thus it is not possible to capture the emergent phenomenon evolving out of randomness.
Also the round off errors due to the truncation of real numbers occurs while iterating the numerical algorithm of nonlinear macroscopic equations. This leads to data overflow with instability. So the statistical approach that establishes the microscopic basis of the properties of the system is needed. The Probabilistic Cellular Automaton (PCA) is a mesoscopic approach which can be applied to The CA describe the system with larger number of discrete degrees of freedom, whereas the ordinary differential equations are appropriate for the system with small number of continuous degrees of freedom. For more than a decade, preference and attention have been given to the lattice-gas automata (LGA) and the lattice Boltzmann Equation (LBE) in the simulation of flow applications. et al. (1986) proposed two, three dimensional LGA model. The computational characteristics of these methods such as inherent parallelism due to local and neighbourhood interactions and their ability to handle complex boundaries without compromising the computational effort enraptured the community working in the flow simulation. Because of the boolean nature of these methods, the virtues such as unconditional stability, maintenance of conservation laws, efficiency in memory can be explored (Cao et al. 2005) .
Frisch
A cellular automaton is a processing algorithm, applied to a matrix of mutually interacting cells that determines the evolution of their states at discrete time steps. Cellular Automata are promising due to their † linear computational complexity † possibility to perform consistency controls on the model † simplicity of the transition functions, strong support to dynamic model refinement.
The flow and transport in the groundwater system can be considered either as a discrete system or as a continuous system. The discrete system can be described by molecular dynamics with large number of particles and the latter can be represented by a set of partial differential equations with flow properties. The second approach is an approximation which finds its application difficult in the case of multiphase or multicomponent flows and at the interfaces. Since the hydrodynamics is insensitive to the microscopic dynamics, Cellular Automata can be applied to comprehend the emergence of macroscopic phenomena, by modelling the microscopic dynamics through simple rules. These rules assimilate all the basic physics and chemistry requirements in terms of conservation laws, symmetry properties, reaction mechanisms etc. (Alexander 1999) 
Different types of cellular automata and its applications
In the two-dimensional triangular lattice space developed by Frisch et al. (1986) , there can exist six particles in a lattice, each one with a specific momentum directing to the nearest neighborhood site. This model is called as 6-velocity model or FHP model. The evolution of the next state of the system occurs by collision and advection. The preservation of conservation laws, which is the inherent feature of model in terms of particle number, energy and momentum, is maintained in this collision process locally and exactly.
A thermodynamic automaton model to model fluid flow in porous media was developed by Cao et al. (2005) . This can be a bridge between the standard LG model which is discrete in space & momentum, and molecular dynamics which is continuous in space and momentum. The advantage of this model is that no exclusion principle exists on the particle velocities. In partioned Cellular Automata each cell is divided into compartments or partitions. In the first step, the transport process of the flow was simulated by the transport of compartments from one cell to the corresponding compartments in the neighborhood cells. All the cells are updated simultaneously. In the second step, the reaction simulation was done using reactive gas Cellular Automata approach. Here updation in each cell takes place independently by the exchange of particles within compartments. 
Cellular automata for reactive transport modelling
The reactive transport model can be developed through lattice CA with exclusion principle or without exclusion principle.
CA with exclusion principle
In LGA and LBA models, the particles get distributed on a regular lattice with small number of possible particle velocity vectors. Each lattice affords 'm' number of channels depending on the shape of the lattice (square-4 channels, hexagonal-6 channels). The exclusion principle which forbids more than one particle to dwell in any channel limits the number of particle between '0' and 'm'. The time evolution of the system depends on the propagation and collision steps which sustain the conservation of momentum. According to the exclusion principle, no two particles of the same species occupying the same lattice site can have the same velocity.
This limits the type of reaction that can be treated.
CA without exclusion principle
CA model without exclusion principle model concedes more than one particle to be present in the cell. The reactive transport simulation can be done using CA which impart the macroscopic behaviour of the system. This can be achieved by applying the general properties of the microscopic dynamics to its elementary constituents in a discrete way (2006) has introduced a technique for incorporating diffusive phenomena into lattice-gas molecular dynamics models. In this method, spatial interactions take place in one dimension at a time. A separate fractional time step is devoted to each dimension. All dimensions are treated identically. Karapiperis & Balankkeider (1994) and Karapiperis (1997) have modeled transport and chemical reactions using CA according to a local probabilistic rule.
In this work, during the simulation of transport process, the particles move to the neighborhood cells or stay stationary, based on the probability chosen so as to maintain the macroscopic transport parameters. If the diffusion process alone is considered, then the particles will be apportioned uniformly with probability of 0.25 in all four directions in the case of square lattice. But in reaction process, each independent cell is considered. The particles or species within the cell interact or react according to the probability which reflects the macroscopic reaction rates.
There shall be the existence of sufficient number of particles present for carrying out reaction step in the cell. The two processes are carried out sequentially and procedure is iterated in discrete time steps.
PROBABILISTIC CELLULAR AUTOMATION FOR SIMULATING TRANSPORT PROCESSES
Since both mass and energy are involved in the Reactive Transport (RT), the effect due to hydrodynamical and geochemical processes should satisfy the principle of law of conservation of mass and energy which is transformed into Partial Differential Equations (PDE). The governing equation for contaminant transport for species 'm' in three dimensional system is given by Yang (1999) 
where u is the porosity of the medium, dimensionless; C m is the dissolved concentration of species m, ML
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; t is time in T; Table 2 .
In the simulation of transport process using PCA model, the simulation was started with the timestep of 1. Thus, when the timestep is same as that of analytical solution
(1 hr), the transport is very much faster with only 50% of the 
where Initial conditions of the species are C A ¼ 10, C D ¼ 15,
Using PCA scheme, the simulation of BTEX degradation by microorganisms was carried out. A concentration to particle ratio of 1:100 was assumed for the three species.
Since the PCA is sensitive to transport time step, the simulation was run with different left and right probability values for the movement of particles to the neighbhour hood cells. After the transport step is over, the reaction is carried out based on the reaction probability and deterministic rate given in the Equation (4). To observe the behaviour of concentration profiles of three species obtained from PCA scheme, the simulation was again carried out with numerical scheme of Explicit Finite
Difference coupled with ODE solver. The spatial (1m) and temporal discretisation (1day) were done based on the stability and accuracy criteria. The results were compared.
It was observed that the simulation results of PCA scheme approaches numerical scheme, when the time step of PCA scheme is one tenth of the time step of numerical scheme. The simulation parameters for the two coupling scheme and direct method using CA are presented in Table 4 .
The simulation was run for 50 days and the results were shown in Figure 7 to 9 respectively for 5days, 10 days and 50 days.
In one step approach of Probabilistic Cellular Automaton model, the probability value for each transport process (P advect , P disp ) was calculated from the transport parameters. Based on the determined value, the particle distribution was done. The reaction simulation was carried out based on the probability value P decay . The particles entranced to the neighbourhood cells rapidly, when longer simulation timestep was taken. The compatible results were obtained when the minimum time step of all the transport and reaction processes (min (Dt advec , Dt disp , Dt decay )) was applied. Since this is the direct coupling method without time splitting, it demands less computation effort compared to two step approach.
In the two step approach of CA_ODE, the transport simulation is done using PCA model. It is coupled with Ordinary Differential Equation (ODE) solver for reaction simulation. Initially, the concentration to particle ratio of 1:1000 was assigned for oxygen species in all the cells. The number of particles was calculated based on the assumed mass of the particles. The mass was assumed in such a way that enough number of particles were maintained in the cell, till the model reaches the specified simulation time. The particles remaining in the cell after the transport simulation was converted into concentration (mg/L) which was taken as initial concentration for reaction simulation in the particular cell. The reactive time step of 0.0025days was Simulation parameters for transport with aerobic BTEX degradation reaction using coupling schemes CA_ODE
SUMMARY AND CONCLUSION
The probabilistic cellular automaton is a counterpart to partial differential equations where the reactive transport simulation can be done using the simple probabilistic rules framed through macroscopic parameters of the reactive transport processes. From this study, it is concluded that PCA is sensitive to transport time step. In pure transport problems, the performance of PCA is conformable to analytical solution, when one tenth of the the time step is assumed. The concentration to particle ratio is increased in the order of three (1:1,000 to 1:1,000,000) for two dimensional transport simulation using PCA model to maintain enough number of particles for simulation. Also it was observed from application example 3 that the computational demand required for PCA scheme is very less compared to the other numerical schemes. The PCA model is suitable when there exists less number of species in the ground water system. Now further work is going on in application of PCA in three dimensional reactive transport system.
